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Abstract: Chitin and its derivatives — as a potential resource as well as multiple functional 
substrates — have generated attractive interest in various fields such as biomedical, 
pharmaceutical, food and environmental industries, since the first isolation of chitin in 
1811. Moreover, chitosan and its chitooligosaccharides (COS) are degraded products of 
chitin through enzymatic and acidic hydrolysis processes; and COS, in particular, is well 
suited for potential biological application, due to the biocompatibility and nontoxic nature 
of chitosan. In this review, we investigate the current bioactivities of chitin derivatives, 
which are all correlated with their biomedical properties. Several new and cutting edge 
insights here may provide a molecular basis for the mechanism of chitin, and hence may 
aid its use for medical and pharmaceutical applications. 
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1. Introduction 

Since chitin (CsHnOsN),, was first isolated and characterized from mushrooms, the earliest known 
polysaccharide, by French chemist Henri Braconnot in 1811 [1], it has been discovered to be the 
second most abundant natural biopolymer in the world [2-4], amounting in marine biomass alone to 
approximately 106-107 tons. Chitin is a long-chain homopolymer of Af-acetyl-D-glucosamine 
(GlcNAc), (l-4)-linked 2-acetamido-2-deoxy-(3-D-grucan, a derivative of glucose. Strong acids can 
split the chitin, water-insoluble polymer, into acetic acid and chitosan, and chitin can be processed 
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further into two main derivatives of chitosan and amino glucose through many nonspecific enzymes, 
such as cellulases, lipases, proteases and chitosanases [5,6]. Notably, chitosan is a nontoxic 
biopolymer produced by the deacetylation of chitin, and currently chitosan and its oligosaccharides 
have received considerable attention due to their biological activities and properties in commercial 
applications. During the last few decades, as a source of bioactive material, chitosan and 
chitooligosaccharides, which are degradation products of chitin or chitosan produced by enzymatic or 
acidic hydrolysis, were introduced into a variety of biomedicals including wound dressings and drug 
delivery systems [7,8], and the food and chemical industries [9-12]. Chitin and its derivatives have 
delivered biological potential for a wide range of applications such as in the food and medical field 
[13-16], agriculture [17] and aquaculture [18,19], dental [20,21] and cosmetics [22,23], wastewater 
[24,25] and membranes [26,27] . 

This review aims to analyze the most recent advances in biological applications of chitin and its 
derivatives, particularly those related to anti-inflammatory and antioxidant activities, antimicrobial 
effects, immunity-enhancing as well as antitumor effects and drug delivery, in the field of 
biological medicine. 

2. Antioxidant Activity 

Hydrogen peroxide, hydroxyl radical and superoxide anion called reactive oxygen species 
(ROS) [28] are generated during normal metabolism and oxidize biomolecules, such as lipids, proteins, 
carbohydrates and DNA, ultimately leading to oxidative stress. However, cells produce antioxidants 
such as catalase, superoxide dismutase, glutathione peroxidase and thioredoxins as a part of the 
cellular defense system against ROS-mediated cellular injury [28]. When the cellular defense 
mechanisms are unable to deal with excessive generation of ROS, this oxidative stress has been 
reported to induce various pathogenic processes including aging, cancer, wrinkle formation, 
rheumatoid arthritis and inflammation [29-33]. Therefore, antioxidants including vitamin C and E play 
an important role in maintaining balance between the oxidative and reductive state inside the body. 
Among these antioxidants, chitins — widely distributed among invertebrates and crustaceans as 
structural material in their exoskeletons and fungal cell walls — have shown important biological 
antioxidant effect that has potentials for a wide variety of applications [34]. However, chitin is an 
insoluble polymer in water, which is the major limiting factor for its utilization in living systems. 
Therefore, it is important to produce soluble chitin or chitosan by hydrolysis. In recent years, two 
kinds of chitin oligosaccharides or /V-acetyl chito-oligosaccharides (NA-COSs) with different 
molecular weights [35] produced from crab chitin hydrolysis was evaluated in live cells. Two kinds 
of NA-COSs with molecular weights (M.W.) of 1-3 kDa (NA-COS 1-3 kDa) and below 1 kDa 
(NA - COS < 1 kDa) exhibited an inhibitory effect against DNA and protein oxidation. In addition, 
intracellular glutathione (GSH) level and direct intracellular radical scavenging effect were increased 
in the presence of them in mouse macrophages (RAW 264.7) and exerted an inhibitory effect against 
cellular oxidative stress. In particular, NA-COS 1-3 kDa was more effective than NA-COS < 1 kDa in 
protein oxidation and production of intracellular free radicals in live cells [13]. Furthermore, it was 
reported that chitin oligosaccharides (NA-COS; M.W. 229.21-593.12 Da) produced by 
acidic hydrolysis of crab chitin exert the cellular antioxidant effects. In addition, the inhibitory effect 
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of NA-COS on myeloperoxidase (MPO) activity in human myeloid cells (HL-60) and oxidation of 
DNA and protein were identified in mouse macrophages. Moreover, their direct radical scavenging 
effect of intracellular hydrogen peroxide and intracellular glutathione (GSH) level were demonstrated, 
suggesting that NA-COS act as potent antioxidants in live cells [3]. Previous study also showed how 
disease resistance and ROS metabolism in harvested navel oranges are affected by chitosan. Its 
treatment effectively not only enhanced the activities of peroxidase and superoxide dismutase, and 
levels of glutathione and hydrogen peroxide, but also inhibited the activity of catalase and the decrease 
of ascorbate content during navel orange fruit storage, suggesting that chitosan treatment could induce 
navel orange fruit disease resistance by regulating the H 2 0 2 levels, antioxidant enzyme and ascorbate- 
glutathione cycle [36]. Furthermore, it was demonstrated that COS smaller than 1 kDa suppressed the 
generation of intracellular radical species in B16F1, a murine melanoma cell line, suggesting 
prevention of oxidative stress related disease. In addition, induction of intracellular glutathione (GSH) 
level was increased in the presence of COS, which exhibited a protective effect on oxidative damage of 
genomic DNA independent of molecular weight [37]. Chitosan also has an in vivo stimulatory effect 
on both nitric oxide production and modulates peroxide production [38]. The protective effects of COS 
against hydrogen peroxide-induced oxidative damage were also evaluated in human umbilical vein 
endothelial cells (HUVEC, ECV304 cells). In addition to a marked decrease in intracellular ROS level, 
COS also exerted preventive effects on the production of lipid peroxidation such as malondialdehyde, 
restoring activities of endogenous antioxidants including superoxide dismutase and glutathione 
peroxidase, along with the capacity of increasing levels of nitric oxide and nitric oxide synthase. It was 
also demonstrated that COS can effectively protect HUVEC against oxidative stress by hydrogen 
peroxide, which might be of importance in the treatment of cardiovascular diseases [39] . In addition, 
COSs (M.W.1500, DD. 90%) protect against Cu(II) induced neurotoxicity in primary cortical neurons 
by interfering with an increase in intracellular ROS [40]. Moreover, COS of four different molecular 
weight ranges (below 1 kDa, 1-3 kDa, 3-5 kDa and 5-10 kDa) were investigated for their ability to 
protect pancreatic-P cells from damage induced by hydrogen peroxide. COS (500 ug/ml) with 
molecular weights of 3-5 kDa raised the viability of hydrogen peroxide-treated cells by 58.46% 
compared with the hydrogen peroxide alone group [41]. It was also described that COS is able to 
protect hydrogen peroxide-induced oxidative stress on human embryonic hepatocytes (L02 cells), 
suggesting that COS might be useful in a clinical setting during the treatment of oxidative stress 
related liver damage [42]. Administration of chitosans with low molecular weight was reported to 
inhibit neutrophil activation and oxidation of serum albumin commonly observed in patients 
undergoing hemodialysis, resulting in reduction of oxidative stress associated with uremia [43]. On the 
other hand, the cellular antioxidant effects of carboxylated chitooligosaccharides (CCOS), a 
chemically modified derivative of COS, were evaluated by the ability to inhibit lipid and protein 
oxidation. Radical-mediated oxidation of cell membrane lipids and proteins was inhibited by CCOS 
that reduced the level of lipid hydroperoxides and carbonyl carbon content in mouse macrophages. 
Further, CCOS inhibited myeloperoxidase activity in human myeloid cells, suggesting the indirect 
possibility of inhibiting generation of ROS such as superoxide radicals, H 2 0 2 and HOC1 [44]. 
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3. Anti-inflammatory Effects 

Although a number of studies have widely investigated the effects of chitin, chitosan and their 
derivatives, few investigating anti-inflammatory activity have recently been published. Inflammation is 
a physiological body immune response against pathogens, toxic chemicals or physical injury While 
acute inflammation is a short-term normal response that usually causes tissue repair by recruitment of 
leukocytes to the damaged region, chronic inflammation is a long-term pathological response 
involving induction of own tissue damage by matrix metalloproteinases (MMPs) [45,46]. It is 
generally well known that chronic inflammation is related to periodontal disease, hepatitis, arthritis, 
gastritis and colitis. The most important factor in chronic inflammation has been known to be the nuclear 
factor-kappa B (NF-kB) transcription factor that plays a critical role in regulating genes involved in 
immune responses [47]. NF-kB is known to regulate inflammatory genes encoding pro -inflammatory 
cytokines, adhesion molecules, cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase 
(iNOS) [48,49]. In particular, current approaches to the treatment of inflammation rely on the selective 
inhibition of COX-2 activity responsible for producing prostanoids, not COX-1. Non-steroidal 
anti-inflammatory drugs (NSAIDs) are the most widely prescribed drug for treatment of many 
inflammatory diseases. However, they display a high incidence of gastric, renal and hepatic side 
effects. In recent years, it has been reported that chronic inflammation is associated with an increased 
risk of malignant transformation [50] . This is because phagocytic leukocytes in chronic inflammatory 
processes produce large amounts of reactive metabolites of oxygen and nitrogen that induce oxidative 
stress and lead to oxidation of fatty acids and proteins in cell membrane, thus impairing their normal 
function. Although the anti-inflammatory effects of chitin and its derivatives have been rarely reported, 
in recent years data has been accumulating. First of all, it was found that chitin is a size-dependent 
regulator of inflammation [51]. In this study, while both intermediate-sized chitin and small chitin 
stimulates TNF production in murine peritoneal macrophages, large chitin fragments are inert, 
Furthermore, it was found that chitin stimulates the expression of TLR2, dectin-1, the mannose 
receptor and inflammatory cytokines, differentially activated NF-kB and spleen tyrosine kinase. 
Ngo et al. (2009) demonstrated that chitin oligosaccharides can inhibit myeloperoxidase activity in 
human myeloid cells and oxidation of DNA and protein in mouse macrophages [13]. Chitosan was 
confirmed to partially inhibit the secretion of both IL-8 and TNF-a from mast cells, demonstrating that 
water-soluble chitosan has the potential to reduce the allergic inflammatory response [52]. Since mast 
cells are necessary for allergic reactions and have been implicated in a number of neuroinflammatory 
diseases, chitosan nutraceuticals may help to prevent or alleviate some of these complications. In 
another study, it was demonstrated that chitooligosaccharides enhanced migration of the mouse 
peritoneal macrophages into inflammatory areas [53]. LPS -stimulated TNF-a and IL-6 secretion was 
found to be inhibited in the presence of chitosan oligosaccharide in RAW 264.7 cells [54], suggesting 
that chitosan oligosaccharide may possess an anti-inflammatory effect via the inhibition of TNF-a in 
the LPS-stimulated inflammation. These functions of chitosan to exert anti-inflammatory effect could 
be unilized in the nutraceutical industry as well as in functional foods for prevention and alleviation of 
inflammatory diseases. In addition, it was reported that chitosan promotes phagocytosis and production 
of osteopontin and leukotriene B by polymorphonuclear leukocytes, production of interleukin-1, 
transforming growth factor bl and platelet-derived growth factor by macrophages, and production of 
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interleukin-8 by fibroblasts, enhancing immune responses [55]. The effect of chitin, chitosan and their 
derivatives on MMPs related to chronic inflammation is an interesting topic presently. MMPs are a 
family of secreted or transmembrane endopeptidases that degrade extracellular matrix components. It 
was described that chitooligosaccharides inhibit activation and expression of MMP-2 in primary 
human dermal fibroblasts [56]. In particular, hydrolysed chitosans with molecular weights as low as 
3-5 kDa displayed the highest inhibitory effect on MMP-2. Moreover, the inhibitory effect might be 

2+ 

described by the effective chelating capacity of chitosan for Zn as a cofactor of MMP-2. Based on 
these findings, as a result of elucidation of the relationship between their activities and structures, 
atomic force microscopy demonstrated a direct molecular interaction between MMP-2 and chitosan. 
Affinity chromatography revealed a high binding- specificity of MMP-2 to chitosan, and a colorimetric 
assay suggested a non-competitive inhibition of MMP-2 by chitosan [57]. 

4. Antimicrobial Effects 

Chitosan and its derivatives have widespread applications in agriculture, medicine, environment, 
food, etc. The antimicrobial activity of chitin, chitosan and their derivatives against different groups of 
microorganisms, such as bacteria, yeast and fungi has received considerable attention in recent years. 
In particular, chitosan can also be used as an antimicrobial film to cover fresh fruits and 
vegetables [58]. Chitosan, which is a deacetylated form of chitin, has been investigated for numerous 
antimicrobial activities. In particular, water-soluble chitosan derivatives were evaluated for their 
antimicrobial activity [59]. The actual mechanism of antimicrobial activity of chitosan and its 
derivatives is not yet fully understood but has been suggested to involve cell lysis, breakdown of the 
cytoplasmic membrane barrier and the chelation of trace metal cations by the chitosan [60-64]. In the 
killing of gram-negative bacteria, a cationic chitosan must interact with both bacterial cell envelope 
membranes. The antibacterial effect of chitosan is higher than that of chitin because chitosan possesses 
a number of polycationic amines which can interact with the negatively charged residues of 
carbohydrates, lipids and proteins located on the cell surface of bacteria, which subsequently inhibit 
the growth of bacteria. In addition, because of the positive charge on the C-2 of the glucosamine 
monomer at pH values below 6, chitosan is more soluble and has a better antimicrobial activity than 
chitin [65]. The antibacterial effects of COS have been known to be dependent on their degree of 
polymerization or molecular weight. In addition, the water-soluble chitooligosaccharides may be 
advantageous as antibacterial agents in in vivo systems compared to water-insoluble chitosan. These 
variations in preparation methods are likely to result in differences in the deacetylation degree, the 
distribution of acetyl groups, the chain length and the conformational structure of chitosan [66] and 
will thereby have an influence on the solubility, the antimicrobial activity and other properties. The 
antibacterial effect of three kinds of COS with relatively higher molecular weight (HMWCOS), 
medium molecular weight (MMWCOS), and lower molecular weight (LMWCOS), respectively, was 
evaluated against various microorganisms. The molecular weight of COS is critical for microorganism 
inhibition and required higher than 10,000 Da. Generally, the COS have more effective activity against 
pathogens than nonpathogens, except in the case of lactic acid bacteria [67]. In addition to chitosan, 
several chitosan derivatives such as acid-free-water soluble chitosan [68] and quaternary N-alkyl 
chitosan [69] were reported to exert antimicrobial effect. The antimicrobial activity of chitosan 
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depends on several factors such as the kind of chitosan (deacetylation degree or molecular weight), the 
pH of the medium, the temperature, the presence of several food components and so forth. The 
mechanism of the antimicrobial activity has not been fully elucidated yet, but several hypotheses have 
been postulated. The most feasible hypothesis is a change in cell permeability due to interactions 
between the positive charges of chitosan and the negative charges on the cell surface. This interaction 
between positively charged chitosan molecules and negatively charged microbial cell membranes 
results in the leakage of intracellular constituents. In addition, it can be suggested that chitosan and its 
derivatives not only bind to bacterial genes but also chelate metals such as calcium, magnesium and 
zinc ions, leading to the inhibition of transcription and translation. Therefore, an antibacterial 
mechanism of chitosan and its derivatives can be described to be exerted by above mechanisms. 

5. Immuno- Stimulating and Anticancer Effects 

In recent years, it was revealed that the tumor inhibitory effect of COS is probably related to their 
induction of lymphocyte cytokines through increasing T-cell proliferation (Figure 1). Basically, the 
antitumor mechanism of COS is enhanced by acquired immunity via accelerating T-cell differentiation 
to increase cytotoxicity and maintain T-cell activity [70] . Maeda and Kimura examined the antitumor 
effects of various low-molecular weight chitosans, such as water-soluble 21- or 46-kDa molecules with 
low viscosity, produced by enzymatic hydrolysis of over 650-kDa chitosan, which displayed decreased 
tumor growth and final tumor weight in sarcoma 180-bearing mice due to increase of natural killer cell 
activity [71,72]. The results indicate the low-molecular- weight water-soluble chitosans and 
oligochitosans might be useful in preventing tumor growth, partly through enhancing cytotoxic activity 
against tumors as an immunomodulator [73]. In transdermal delivery of baicalin for an useful drug for 
the treatment of skin disease, low-molecular-weight chitosans can improve its permeation through 
mouse skin [74]. In addition, they seem to activate macrophages via the production of cytokines such 
as interferon (IFN)-y, interleukin (IL)-12 or -18 from the intraepithelial lymphocytes. In examination 
of the anticancer activity of chitosan derivatives, there was no clear information describing the 
relationship between charge properties and their observed activities. In recent years, in several cell 
lines, one research group observed that cancer-cell viability was significantly reduced regardless of the 
positive or negative charge of differently charged COS derivatives [75]. Moreover, COS significantly 
inhibited human hepatocellular (HepG2) carcinoma cell proliferation and down-regulated cell 
cycle-related gene expressions with decreased DNA content and up-regulation of p21 in vitro. In in 
vivo observations, COS inhibited tumor growth of HepG2 and Lewis lung carcinoma xenografts and 
lung tumor nodules as well as lung metastasis [76]. Quan et al. suggest that COS act as inhibitors of 
heparanase, which is a [3-endoglucuronidase, and assist tumor invasion, metastasis and 
angiogenesis [77]. 

Other chemically modified structures, aminoderivatized COSs, such as aminoethyl-, dimethyl 
aminoethyl- and diethyl aminoethyl-COS, not only significantly induce cell death but also inhibit 
proliferation of human gastric adenocarcinoma cells [78]. This report shows that water-soluble 
aminoderivatized COS might be able to serve as valuable cancer chemopreventive agents. COS could 
also suppress tumor angiogenesis in vivo and in vitro [79,80] through blocking migration of endothelial 
cells induced by nitric oxide [81,82]. 
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Figure 1. Chitooligosaccharides (COS) can display anti-tumorigenic activity through 
immunomodulation . 
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6. Application in Drug Delivery System 



To provide anticancer chemotherapy, chitosan is attracting increasing attention as drug and gene 
carriers due to its excellent biocompatibility, biodegradability, and nontoxicity [83,84]. Chitosan has 
an important role in delivery of drugs, with the potential to improve drug absorption and stabilize drug 
components to increase drug targeting. In addition, as a potential gene deliverer, chitosan can protect 
DNA and increase the expression period of genes. Chitin or chitosan derivatives, which were 
conjugated with some kinds of anticancer agents, can execute better anticancer effects with a decrease 
of side effects and gradual release of free drug in the cancer tissues. Furthermore, chitosan 
nanoparticles were synthesized and applied for in vivo antitumor activity [85-87]. On the other hand, 
for ocular drug delivery, liposomes coated with low-molecular weight chitosan may be potentially 
applicable to clinic uses [88]. 

Nanoparticles enable chitosan to elicit dose-dependent tumor-weight inhibition with highly 
impressive antitumor efficacy in vivo [88]. The doses and particle quantum size have a great effect on 
their efficacy as drug carriers. In particular, with small particle size and positive surface charge, the 
complex could exhibit higher antitumor activity than other chitosan derivatives [89]. Smaller sized 
particles seem to enhance efficacy of the particle -based drug delivery systems [90-92]. Basically, 
chitosan nanoparticles are produced with a mean particle size ranging from 40 to 100 nm and a 
positive surface charge of about 50 mV [93,94]. To introduce these products into in vitro cell culture 
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systems, they should be filtered by a membrane with diameter of 0.45 urn and autoclaved [95]. In in 
vivo animal models, different administration routes of chitosan nanoparticles, such as intravenous (i.v.) 
or intraperitoneal injection (i.p.) and oral administration (p.o.), could exhibit little difference in 
antitumor activities. However, because nanoparticulate systems have been developed to improve the 
blood circulating time and tumor targeting efficacy of vincristine, administration of chitosan 
nanoparticles i.v. can contribute in vivo efficacy to antitumor activities [96,97] followed by a 
prolonged blood half-life of drugs [98]. 

7. Conclusion 

In recent years, chitin and its derivatives — as a high potential resource as well as multiple 
functional substrates — have generated attractive interest in various fields such as biomedical, 
pharmaceutical, food and environmental industries. While chitin is an insoluble polymer in water, 
which is the major limiting factor for its utilization in living systems, COS are more suited to draw 
attention for potentially biological applications due to the biocompatibility and nontoxic nature of 
chitosan. They exert an excellent antioxidant effect as well as antimicrobial effect. In particular, COS 
and their derivatives are potential candidates capable of preventing or treating diverse chronic 
inflammation such as colitis, periodontal disease, hepatitis and gastritis, leading to cancer, and through 
drug delivery system. 

Acknowledgements 

This work was supported by grants from National R&D Program for Cancer Control (0820200), 
Ministry for Health, Welfare and Family affairs (to B.K.P.). 

References 

1. Domard, A.; Domard, M. Chitosan: Structureproperties relationship and biomedical applications. 
Polym. Biomater. 2002, 9, 187-212. 

2. Lavall, R.; Assis, O.; Campana-Filho, S. [beta]-Chitin from the pens of Loligo sp.: Extraction and 
characterization. Bioresour. Technol. 2007, 98, 2465-2472. 

3. Ngo, D.; Kim, M.; Kim, S. Chitin oligosaccharides inhibit oxidative stress in live cells. Carbohydr. 
Polym. 2008, 74, 228-234. 

4. Abdou, E.; Nagy, K; Elsabee, M. Extraction and characterization of chitin and chitosan from 
local sources. Bioresour. Technol. 2008, 99, 1359-1367. 

5. Lee, D.; Xia, W.; Zhang, J. Enzymatic preparation of chitooligosaccharides by commercial lipase. 
Food Chem. 2008, 111, 291-295. 

6. Lin, S.; Lin, Y.; Chen, H. Low molecular weight chitosan prepared with the aid of cellulase, 
lysozyme and chitinase: Characterisation and antibacterial activity. Food Chem. 2009, 116, 47-53. 

7. Agnihotri, S.; Mallikarjuna, N.; Aminabhavi, T. Recent advances on chitosan-based micro-and 
nanoparticles in drug delivery. J. Controll. Release 2004, 100, 5-28. 

8. Kumar, M.; Muzzarelli, R.; Muzzarelli, C; Sashiwa, H.; Domb, A. Chitosan chemistry and 
pharmaceutical perspectives. Chem. Rev. 2004, 104, 6017-6084. 



Int. J. Mol. Sci. 2010, 11 



5160 



9. Xia, W.; Liu, P.; Zhang, J.; Chen, J. Biological activities of chitosan and chitooligosaccharides. 
Food Hydrocoll. 2011, 25, 170-179. 

10. Knorr, D. Use of chitinous polymers in food: A challenge for food research and development. 
Food Technol. (USA) 1984, 38, 85-89. 

11. Kurita, K. Chemistry and application of chitin and chitosan. Polym. Degrad. Stabil. 1998, 59, 
117-120. 

12. Razdan, A.; Pettersson, D. Effect of chitin and chitosan on nutrient digestibility and plasma lipid 
concentrations in broiler chickens. Brit. J. Nutr. 1994, 72, 277-288. 

13. Ngo, D.; Lee, S.; Kim, M.; Kim, S. Production of chitin oligosaccharides with different molecular 
weights and their antioxidant effect in RAW 264.7 cells. J. Funct. Foods 2009, 1, 188-198. 

14. Ribeiro, M.; Espiga, A.; Silva, D.; Baptista, P.; Henriques, J.; Ferreira, C; Silva, J.; Borges, J.; 
Pires, E.; Chaves, P. Development of a new chitosan hydrogel for wound dressing. Wound Repair 
Regen. 2009, 17, 817-824. 

15. Lim, C; Yaacob, N.; Ismail, Z.; Halim, A. In vitro biocompatibility of chitosan porous skin 
regenerating templates (PSRTs) using primary human skin keratinocytes. Toxicol, in Vitro 2010, 
24, 721-727. 

16. Li, Z.; Yubao, L.; Yi, Z.; Lan, W.; Jansen, J. In vitro and in vivo evaluation on the bioactivity of 
ZnO containing nano-hydroxyapatite/chitosan cement. J. Biomed. Mater. Res. A 2010, 93, 269-279. 

17. Kulikov, S.; Chirkov, S.; Ilj'ina, A.; Lopatin, S.; Varlamov, V. Effect of the molecular weight of 
chitosan on its antiviral activity in plants. Appl. Biochem. Microbiol. 2006, 42, 200-203. 

18. Wang, S.; Chen, J. The protective effect of chitin and chitosan against Vibrio alginolyticus in 
white shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 2005, 19, 191-204. 

19. Rajesh Kumar, S.; Ishaq Ahmed, V.; Parameswaran, V.; Sudhakaran, R.; Sarath Babu, V.; Sahul 
Hameed, A. Potential use of chitosan nanoparticles for oral delivery of DNA vaccine in Asian sea 
bass (Lates calcarifer) to protect from Vibrio (Listonella) anguillarum. Fish Shellfish Immunol. 
2008, 25, 47-56. 

20. Arnaud, T.; Neto, B.; Diniz, E Chitosan effect on dental enamel de-remineralization: An in vitro 
evaluation. J. Dentistry 2010, 38, 848-852. 

21. Khor, E.; Lim, L. Implantable applications of chitin and chitosan. Biomaterials 2003, 24, 
2339-2349. 

22. Mark, H.; Bikales, N.; Overberger, C; Menges, G. Encyclopedia of Polymer Science and 
Engineering; Wiley-Interscience: New York, NY, USA, 1986. 

23. Morganti, P.; Morganti, G. Chitin nanofibrils for advanced cosmeceuticals. Clin. Dermatol. 2008, 
26, 334-340. 

24. Peniche Covas, C; Alvarez, L.; Arguelles Monal, W. The adsorption of mercuric ions by chitosan. 
J. Appl. Polym. Sci. 1992, 46, 1147-1150. 

25. Mckay, G.; Blair, H.; Gardner, J. Adsorption of dyes on chitin. I. Equilibrium studies. J. Appl. 
Polym. Sci. 1982, 27, 3043-3057. 

26. Chatelet, C; Damour, O.; Domard, A. Influence of the degree of acetylation on some biological 
properties of chitosan films. Biomaterials 2001, 22, 261-268. 

27. Kim, C; Choi, Y; Lee, S.; Gin, Y; Son, Y. Development of chitosan dermal scaffold and its 
characterization. Key Eng. Mater. 2007, 342, 181-184. 



Int. J. Mol. Sci. 2010, 11 



5161 



28. Rahman, I.; Biswas, S.; Kode, A. Oxidant and antioxidant balance in the airways and airway 
diseases. Eur. J. Pharmacol. 2006, 533, 222-239. 

29. Blagosklonny, M. Aging: ROS or TOR. Cell Cycle 2008, 7, 3344-3354. 

30. Maynard, S.; Schurman, S.; Harboe, C; de Souza-Pinto, N.; Bohr, V. Base excision repair of 
oxidative DNA damage and association with cancer and aging. Carcinogenesis 2009, 30, 2-10. 

31. Mirshafiey, A.; Mohsenzadegan, M. The role of reactive oxygen species in immunopathogenesis 
of rheumatoid arthritis. Iran J. Allergy Asthma Immunol.2008, 7, 195-202. 

32. Pillai, S.; Oresajo, C; Hayward, J. Ultraviolet radiation and skin aging: Roles of reactive oxygen 
species, inflammation and protease activation, and strategies for prevention of inflammation- 
induced matrix degradation-a review. Int. J. Cosmet. Sci. 2005, 27, 17-34. 

33. Leung, P.; Chan, Y. Role of oxidative stress in pancreatic inflammation. Antioxid. Redox Signal. 
2009, 11, 135-166. 

34. Jeon, Y.; Kim, S. Continuous production of chitooligosaccharides using a dual reactor system. 
Process Biochem. 2000, 35, 623-632. 

35. Chen, A.; Taguchi, T; Sakai, K.; Kikuchi, K.; Wang, M.; Miwa, I. Antioxidant activities of 
chitobiose and chitotriose. Biol. Pharm. Bull. 2003, 26, 1326-1330. 

36. Zeng, K.; Deng, Y; Ming, J.; Deng, L. Induction of disease resistance and ROS metabolism in 
navel oranges by chitosan. Sci. Horticulturae 2010, 128, 223-228. 

37. Mendis, E.; Kim, M.; Rajapakse, N.; Kim, S. An in vitro cellular analysis of the radical 
scavenging efficacy of chitooligosaccharides. Life Sci. 2007, 80, 2118-2127. 

38. Mori, T; Murakami, M.; Okumura, M.; Kadosawa, T; Uede, T; Fujinaga, T. Mechanism of 
macrophage activation by chitin derivatives. J. Vet. Med. Sci. 2005, 67, 51-56. 

39. Liu, H.; Li, W.; Xu, G.; Li, X.; Bai, X.; Wei, P.; Yu, C; Du, Y. Chitosan oligosaccharides attenuate 
hydrogen peroxide-induced stress injury in human umbilical vein endothelial cells. Pharmacol. 
Res. 2009, 59, 167-175. 

40. Xu, W; Huang, H.; Lin, C; Jiang, Z. Chitooligosaccharides protect rat cortical neurons against 
copper induced damage by attenuating intracellular level of reactive oxygen species. Bioorg. Med. 
Chem. Lett. 2010, 20, 3084-3088. 

41. Karadeniz, R; Artan, M.; Kong, C; Kim, S. Chitooligosaccharides protect pancreatic [beta] -cells 
from hydrogen peroxide-induced deterioration. Carbohydr. Polym. 2010, 82, 143-147 

42. Xu, Q.; Ma, P.; Yu, W.; Tan, C; Liu, H.; Xiong, C; Qiao, Y; Du, Y. Chitooligosaccharides Protect 
Human Embryonic Hepatocytes Against Oxidative Stress Induced by Hydrogen Peroxide. Mar. 
Biotechnol. 2010, 12, 292-298. 

43. Anraku, M.; Kabashima, M.; Namura, H.; Maruyama, T; Otagiri, M.; Gebicki, J.; Furutani, N.; 
Tomida, H. Antioxidant protection of human serum albumin by chitosan. Int. J. Biol. Macromol. 
2008, 43, 159-164. 

44. Rajapakse, N.; Kim, M.; Mendis, E.; Kim, S. Inhibition of free radical-mediated oxidation of 
cellular biomolecules by carboxylated chitooligosaccharides. Bioorg. Med. Chem. 2007, 15, 
997-1003. 

45. Drayton, D.; Liao, S.; Mounzer, R.; Ruddle, N. Lymphoid organ development: From ontogeny to 
neogenesis. Nat. Immunol. 2006, 7, 344-353. 



Int. J. Mol. Sci. 2010, 11 



5162 



46. Hu, J.; Van den Steen, P.; Sang, Q.; Opdenakker, G. Matrix metalloproteinase inhibitors as therapy 
for inflammatory and vascular diseases. Nat. Rev. Drug Discov. 2007, 6, 480-498. 

47. Jimi, E.; Ghosh, S. Role of nuclear factor-kB in the immune system and bone. Immunol. Rev. 
2005, 208, 80-87. 

48. Epstein, E; Barnes, P.; Karin, M. Nuclear factor-kB-a pivotal transcription factor in chronic 
inflammatory diseases. N. Engl. J. Med. 1997, 336, 1066-1071. 

49. Albert, S.; Baldwin, J. Perspective series-NF-kB in defense and disease-The transcription factor 
NF-kB and human disease. J. Clin. Investig. 2001, 107, 3-6. 

50. Macarthur, M.; Hold, G.; El-Omar, E. Inflammation and Cancer II. Role of chronic inflammation 
and cytokine gene polymorphisms in the pathogenesis of gastrointestinal malignancy. Am. J. 
Physiol. -Gastrointest. Liver Physiol. 2004, 286, 515-520. 

51. Da Silva, C.; Chalouni, C.; Williams, A.; Hartl, D.; Lee, C.; Elias, J. Chitin is a size-dependent 
regulator of macrophage TNF and IL-10 production. J. Immunol. 2009, 182, 3573-3582. 

52. Kim, M.; You, H.; You, M.; Kim, N.; Shim, B.; Kim, H. Inhibitory Effect of water soluble 
chitosan on TNF a and IL 8 secretion from HMC 1. Cells 2004, 26, 401-409 

53. Moon, J.; Kim, H.; Koo, H.; Joo, Y; Nam, H.; Park, Y; Kang, M. The antibacterial and 
immunostimulative effect of chitosan-oligosaccharides against infection by Staphylococcus 
aureus isolated from bovine mastitis. Appl. Microbiol. Biotechnol. 2007, 75, 989-998. 

54. Yoon, H.; Moon, M.; Park, H.; Im, S.; Kim, Y. Chitosan oligosaccharide (COS) inhibits 
LPS-induced inflammatory effects in RAW 264.7 macrophage cells. Biochem. Biophys. Res. 
Commun. 2007, 358, 954-959. 

55. Ueno, H.; Mori, T; Fujinaga, T. Topical formulations and wound healing applications of chitosan. 
Adv. DrugDeliv. Rev. 2001, 52, 105-115. 

56. Kim, M.; Kim, S. Chitooligosaccharides inhibit activation and expression of matrix 
metalloproteinase-2 in human dermal fibroblasts. FEBS Lett. 2006, 580, 2661-2666. 

57. Gorzelanny, C; Poppelmann, B.; Strozyk, E.; Moerschbacher, B.; Schneider, S. Specific 
interaction between chitosan and matrix metalloprotease 2 decreases the invasive activity of 
human melanoma cells. Biomacromolecules 2007, 8, 3035-3040. 

58. Devlieghere, F; Vermeulen, A.; Debevere, J. Chitosan: Antimicrobial activity, interactions with 
food components and applicability as a coating on fruit and vegetables. Food Microbiol. 2004, 21, 
703-714. 

59. Qin, C; Xiao, Q.; Li, H.; Fang, M.; Liu, Y; Chen, X.; Li, Q. Calorimetric studies of the action of 
chitosan-N-2-hydroxypropyl trimethyl ammonium chloride on the growth of microorganisms. Int. 
J. Biol. Macromol. 2004, 34, 121-126. 

60. Chung, Y; Su, Y; Chen, C; Jia, G.; Wang, H.; Wu, J.; Lin, J. Relationship between antibacterial 
activity of chitosan and surface characteristics of cell wall. Acta Pharmacol. Sinica 2004, 25, 
932-936. 

61. Helander, I.; Nurmiaho-Lassila, E.; Ahvenainen, R.; Rhoades, J.; Roller, S. Chitosan disrupts the 
barrier properties of the outer membrane of Gram-negative bacteria. Int. J. Food Microbiol. 2001, 
71, 235-244. 

62. Je, J.; Kim, S. Chitosan derivatives killed bacteria by disrupting the outer and inner membrane. J. 
Agric. Food Chem. 2006, 54, 6629-6633. 



Int. J. Mol. Sci. 2010, 11 



5163 



63. Liu, H.; Du, Y.; Wang, X.; Sun, L. Chitosan kills bacteria through cell membrane damage. Int. J. 
Food Microbiol. 2004, 95, 147-155. 

64. Wang, X.; Du, Y.; Liu, H. Preparation, characterization and antimicrobial activity of chitosan-Zn 
complex. Carbohydr. Polym. 2004, 56, 21-26. 

65. Chen, C; Liau, W; Tsai, G. Antibacterial effects of ^/-sulfonated and /V-sulfobenzoyl chitosan and 
application to oyster preservation. J. Food Protect. 1998, 61, 1124-1128. 

66. Tsai, G.; Su, W.; Chen, H.; Pan, C. Antimicrobial activity of shrimp chitin and chitosan from 
different treatments and applications of fish preservation. Fisher. Sci. 2002, 68, 170-177. 

67. Jeon, Y; Park, P.; Kim, S. Antimicrobial effect of chitooligosaccharides produced by bioreactor. 
Carbohydr. Polym. 2001, 44, 71-76. 

68. Ilyina, A.; Tikhonov, V.; Albulov, A.; Varlamov, V. Enzymic preparation of acid-free- water-soluble 
chitosan. J. Dentistry 2000, 35, 563-568. 

69. Jia, Z. Synthesis and antibacterial activities of quaternary ammonium salt of chitosan. Carbohydr. 
Res. 2001, 333, 1-6. 

70. Suzuki, K.; Mikami, T.; Okawa, Y; Tokoro, A.; Suzuki, S.; Suzuki, M. Antitumor effect of hexa- 
N-acetylchitohexaose and chitohexaose. Carbohydr. Res. 1986, 151, 403-408. 

71. Maeda, Y; Kimura, Y. Antitumor effects of various low-molecular-weight chitosans are due to 
increased natural killer activity of intestinal intraepithelial lymphocytes in sarcoma 180-bearing 
mice. J. Nutr. 2004, 134, 945-950. 

72. Kobayashi, M.; Watanabe, T.; Suzuki, S.; Suzuki, M. Effect of /V-acetylchitohexaose against 
Candida albicans infection of tumor-bearing mice. Microbiol. Immunol. 1990, 34, 413-426. 

73. Kimura, Y; Okuda, H. Prevention by chitosan of myelotoxicity, gastrointestinal toxicity and 
immunocompetent organic toxicity induced by 5 -fluoro uracil without loss of antitumor activity in 
mice. Cancer Sci. 1999, 90, 165-11 A. 

74. Zhou, X.; Liu, D.; Liu, H.; Yang, Q.; Yao, K; Wang, X.; Wang, L.; Yang, X. Effect of low 
molecular weight chitosans on drug permeation through mouse skin: 1. Transdermal delivery of 
baicalin. J. Pharm. Sci. 2010, 99, 2991-2998. 

75. Huang, R.; Mendis, E.; Rajapakse, N.; Kim, S. Strong electronic charge as an important factor for 
anticancer activity of chitooligosaccharides (COS). Life Sci. 2006, 78, 2399-2408. 

76. Shen, K; Chen, M.; Chan, H.; Jeng, J.; Wang, Y. Inhibitory effects of chitooligosaccharides on 
tumor growth and metastasis. Food Chem. Toxicol. 2009, 47, 1864-1871. 

77. Quan, H.; Zhu, E; Han, X.; Xu, Z.; Zhao, Y; Miao, Z. Mechanism of anti-angiogenic activities of 
chitooligosaccharides may be through inhibiting heparanase activity. Med. Hypotheses 2009, 73, 
205-206. 

78. Karagozlu, M.; Kim, J.; Karadeniz, E; Kong, C; Kim, S. Antiproliferative effect of 
aminoderivatized chitooligosaccharides on AGS human gastric cancer cells. Process Biochem. 
2010, 45, 1523-1528 

79. Wu, H.; Yao, Z.; Bai, X.; Du, Y; Ma, X. Chitooligosaccharides inhibit nitric oxide mediated 
migration of endothelial cells In vitro and tumor angiogenesis in vivo. Carbohydr. Polym. 2010, 
82, 927-932. 

80. Harish Prashanth, K; Tharanathan, R. Depolymerized products of chitosan as potent inhibitors of 
tumor-induced angiogenesis. Biochim. Biophys. Acta Gen. Subjects 2005, 1722, 22-29. 



Int. J. Mol. Sci. 2010, 11 



5164 



81. Lee, J.; Kang Decker, N.; Chatterjee, S.; Yao, J.; Friedman, S.; Shah, V. Mechanisms of nitric 
oxide interplay with Rho GTPase family members in modulation of actin membrane dynamics in 
pericytes and fibroblasts. Am. J. Pathol. 2005, 166, 1861-1870. 

82. Cooke, J. NO and angiogenesis. Atheroscler. Suppl. 2003, 4, 53-60. 

83. Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603-632. 

84. Di Martino, A.; Sittinger, M.; Risbud, M. Chitosan: A versatile biopolymer for orthopaedic 
tissue-engineering. Biomaterials 2005, 26, 5983-5990. 

85. Janes, K.; Fresneau, M.; Marazuela, A.; Fabra, A.; Alonso, M. Chitosan nanoparticles as delivery 
systems for doxorubicin. J. Controll. Release 2001, 73, 255-267. 

86. De Campos, A.; Sanchez, A.; Alonso, M. Chitosan nanoparticles: A new vehicle for the 
improvement of the delivery of drugs to the ocular surface. Application to cyclosporin A. Int. J. 
Pharm. 2001, 224, 159-168. 

87. Xu, Y.; Du, Y. Effect of molecular structure of chitosan on protein delivery properties of chitosan 
nanoparticles. Int. J. Pharm. 2003, 250, 215-226. 

88. Li, N.; Zhuang, C; Wang, M.; Sun, X.; Nie, S.; Pan, W. Liposome coated with low molecular 
weight chitosan and its potential use in ocular drug delivery. Int. J. Pharm. 2009, 379, 131-138. 

89. Qi, L.; Xu, Z. In vivo antitumor activity of chitosan nanoparticles. Bioorg. Med. Chem.Lett. 2006, 
16, 4243-4245. 

90. Qi, L.; Xu, Z.; Jiang, X.; Li, Y; Wang, M. Cytotoxic activities of chitosan nanoparticles and 
copper-loaded nanoparticles. Bioorg. Med. Chem. Lett. 2005, 15, 1397-1399. 

91. Moghimi, S.; Hunter, A.; Murray, J. Long-circulating and target- specific nanoparticles: Theory to 
practice. Pharmacol. Rev. 2001, 53, 283-318. 

92. Kreuter, J. Peroral administration of nanoparticles. Adv. Drug Deliv. Rev. 1991, 7, 71-86. 

93. Chouly, C; Pouliquen, D.; Lucet, I.; Jeune, J.; Jallet, P. Development of superparamagnetic 
nanoparticles for MRI: Effect of particle size, charge and surface nature on biodistribution. J. 
Microencapsul. 1996, 13, 245-255. 

94. Qi, L.; Xu, Z.; Jiang, X.; Hu, C; Zou, X. Preparation and antibacterial activity of chitosan 
nanoparticles. Carbohydr. Res. 2004, 339, 2693-2700. 

95. Qi, L.; Xu, Z. Lead sorption from aqueous solutions on chitosan nanoparticles. Colloid. Surface 
Physicochem. Eng. Aspect. 2004, 251, 183-190. 

96. Junping, W; Takayama, K.; Nagai, T.; Maitani, Y. Pharmacokinetics and antitumor effects of 
vincristine carried by microemulsions composed of PEG-lipid, oleic acid, vitamin E and 
cholesterol. Int. J. Pharm. 2003, 251, 13-21. 

97. Yuan, F; Dellian, M.; Fukumura, D.; Leunig, M.; Berk, D.; Torchilin, V.; Jain, R. Vascular 
permeability in a human tumor xenograft: Molecular size dependence and cutoff size. Cancer Res. 
1995, 55, 3752-3756. 

98. Williams, J.; Lansdown, R.; Sweitzer, R.; Romanowski, M.; LaBell, R.; Ramaswami, R.; Unger, E. 
Nanoparticle drug delivery system for intravenous delivery of topoisomerase inhibitors. J. 
Controll. Release 2003, 91, 167-172. 



© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



